Introduction
============

In resource-limited settings wherein health-care infrastructure is weak, there is an urgent need for rapid, sensitive and cost affordable point-of-care tests (POCT) for the detection of diseases [@B1]-[@B3]. This challenge is particularly important for preventing the transfer of infectious diseases such as hepatitis B virus infection and for improving the standards of living [@B4]-[@B6]. However, the current technology for sensitive and rapid detection of disease often requires sophisticated instruments that are not readily available in developing countries [@B7], [@B8]. Immunoassays such as the enzyme-linked immunosorbent assay (ELISA) are very reliable and are widely used methods for disease biomarker detection via the antibody-antigen interactions [@B9], [@B10]. However, traditional ELISA requires hours of incubation for diffusion limited reactions that occur on the surface as well as many steps of pipetting in a standard lab setting. Such disadvantages prevent the use of ELISA for the detection of disease in developing countries.

The dot-blot immunoassay is suitable for POCT because of the simple and rapid processes involved [@B11]-[@B13]. Moreover, the extremely low amount of sample used in the assay makes this method superior for testing trace samples. Nevertheless, the traditional dot-blot immunoassay, which uses enzymatic labeling, requires multiple incubation steps to allow the enzyme to react with unstable substrates [@B11]. The key challenge of successful immunoassay application is to transform the binding activities of antibody-antigen into physically detectable signals [@B14]. Quantum dots (QDs) are a novel class of fluorescent nanoparticle label that has attracted considerable interest in immunoassays area for their unique optical properties [@B15]-[@B23], including high quantum yields (QYs), large molar extinction coefficients, exceptional photostability, tunable emission wavelength, and broad absorption cross section. However, further improved sensitivity of fluorescent sensors based on QDs remains challenging for the detection of ultralow amounts of proteins. A major approach for improving the sensitivity of immunoassay detection is to amplify the reporting signals by increasing the quantity of nanoparticles in each binding event [@B24]-[@B27]. For example, signal amplification of electrochemiluminescent and square-wave voltammetric immunosensors has been demonstrated using QDs-coated silica nanospheres as the label [@B28], [@B29]. Poly-QDs probes prepared by the biotin-avidin system have also been employed to improve proteins detection sensitivity by western blot [@B30]. Furthermore, QDs functionalized polystyrene microbeads prepared by layer-by-layer self-assembly method have also been proposed for the construction of a carrier-amplified platform with enhanced detection sensitivity [@B31]. Nevertheless, the above-mentioned signal amplification strategies were generally suffering from sophisticated and multi-steps process, which blocks their development into POCT diagnostic reagent kits.

In this study, we present a simple and effective method to improve the detection sensitivity of dot-blot immunoassay by amplifying the reporting fluorescent signals with QDs-nanobeads (QDNBs). Using the prepared QDNBs as amplified signal indicators, as low as 78 pg hepatitis B surface antigen (HBsAg) proteins could be detected in a one-step test. In addition, the results are readable under a standard UV lamp illustration conditions. This obviates the need for complicated instrumentation, and thereby provides the possibility for the development of QDNBs based POCT devices.

Experimental
============

Materials
---------

Cadmium oxide (CdO, 99.99%), trioctylphosphine oxide (TOPO, 90%), trioctylphosphine (TOP, 90%), octadecylamine (ODA, 90%), bovine serum albumin (BSA), poly(styrene-co-maleic anhydride) (PSMA) and α,ω-Bis{2-\[(3-carboxy-1-oxopropyl)amino\]ethyl} polyethylene glycol (COOH-PEG2k-COOH) were purchased from Sigma-Aldrich. Sulfo-*N*-hydroxysuccinimide (sulfo-NHS, 98.5%) and 1-ethyl-3-(3-di-methylaminopropyl) carbodiimide hydrochloride (EDC, 99%) were purchased from Thermo Scientific. Selenium (Se, 99.99%), stearic acid (SA, 99%), sulfur powder (99.9%), zinc oxide (ZnO, 99%), oleic acid (OA, 99%), liquid paraffin, sodium dodecyl sulfate, and glutathione were obtained from Sinopharm Chemical Reagent. Deactivated hepatitis B-virus surface antigen (HBsAg) and monoclonal mouse-anti-HBsAg antibody were provided by Shanghai Yemin Biotech. All the reagents were used as received without further purification.

Preparation of QDs nanobeads
----------------------------

CdSe/ZnSe/ZnS core/shell/shell QDs were used for QDNBs preparation, because of their improved quantum yield (QYs) and photo stability when compared to core/shell QDs [@B32]-[@B34]. The typical procedure of QDs synthesis was as follows. Briefly, CdSe QDs were firstly synthesized according to previously reported procedures [@B35], [@B36], in which a constant initial ratio of Cd to Se of 1:4 was used. For subsequent multi-shell coating, aliquots of Zn and Se/S precursor solutions were alternately introduced into the core QDs solution at 200 °C, starting with the Zn precursor and waiting for 20 min between each of subsequent addition. After shell coating, QDs were annealed at 260 °C for another 20 min, and then cooled to room temperature. Finally, core-shell QDs were isolated from solution with chloroform and methanol via centrifugation, washed three times, and stored in chloroform.

Preparation of QDNBs was typically performed as follows. One milliliter of chloroform solution containing PSMA (10 mg) and QDs (16 nmol) was added into 4 mL aqueous solution containing sodium dodecyl sulfate (11.5 mg). After magnetic stirring for 0.5 h at 300 rpm, the miniemulsion was prepared by ultrasonication for 100 s (10 s pulse, 10 s pause) at 50% amplitude with a sonicator (Fisher Sonic Dismembrator Model 500, USA) under ice cooling to prevent the evaporation of chloroform. Afterwards, the prepared miniemulsion was magnetically stirred at 300 rpm overnight in an open container to evaporate chloroform. The resulting nanobeads with PSMA as matrix polymer were pelleted at 12,000 rpm for 10 min and the supernatant was discarded. The pellet of nanobeads was washed with deionized water for 3 times and dried in a vacuum at room temperature.

Antibody conjugation
--------------------

Covalent conjugation of antibody onto QDNBs was achieved by the classic EDC coupling reaction of carboxyl groups on the surface of QDNBs and amino groups in antibodies. Typically, QDNBs (0.2 mg) in 400 μL of PBS buffer (10 mM, pH 6.0), sulfo-NHS (500 nmol) and EDC (500 nmol) were added in to a tube, and incubated for 30 min to activate carboxyl groups. Excess crosslinkers were removed by centrifugation at 12,000 rpm for 10 min and decantation of supernatant. Then, monoclonal mouse-anti-HBsAg antibodies (120 μg) were added into activated QDNBs and the mixture was incubated at room temperature for 2 h. In order to block unreacted carboxyl groups on the surface of QDNBs, BSA (0.5 mg) was added into the tube, and incubated for another 30 min. The mixture was purified by centrifugation at 10,000 rpm for 0.5 h and washed with PBST buffer (PBS with 0.05% Tween-20) twice to remove free antibodies and small molecules. The purified QDNBs-antibody conjugates were dispersed in PBS buffer and stored at 4 ºC.

Surface modification and antibody conjugation of QDs
----------------------------------------------------

Water-soluble QDs prepared according to our previous report were also used for antibody conjugation [@B37], [@B38], and compared with QDNBs conjugates for protein detection. Briefly, oil-soluble QDs were transferred into water phase by replacing hydrophobic coating with glutathione (GSH) molecules containing thiol groups. To improve the colloidal stability of QDs, GSH-coated QDs were further modified with COOH-PEG2k-COOH, as per the detailed procedure described previously [@B37]. For antibody conjugation, carboxyl-capped PEG modified QDs were firstly activated with EDC and sulfo-NHS for 0.5 h. Then excess crosslinkers were removed using a Sephadex G-25 desalting column (GE Healthcare, USA). Monoclonal anti-HBsAg antibodies were mixed with activated QDs, incubated at room temperature for 1 h, and then BSA was added at 1% concentration to block excess activated sites. Unconjugated antibody was removed by centrifugation (20,000 rpm for 1 h) of the conjugated nanoparticles, and washed with PBST buffer for 3 times. The purified QDs-antibody conjugates were dispersed in PBS buffer and stored at 4 ºC.

Dot-blot immunoassays
---------------------

The dot-blot immunoassays were performed on a hydrophobic polyvinylidenedifluoride (PVDF) membrane (Millipore Immobilon-P, USA). Double dilution of HBsAg proteins solution in PBS buffer (pH 7.4) was made in a series of tubes, and spotted on the membrane by placing a pipette tip and injecting 1 μL of antigen solution through it. After drying at room temperature for 1 h, the membrane was blocked by incubation in a solution of 5% nonfat dry milk in PBST buffer for 2 h. The blocked membrane was then incubated with fluorescent antibody conjugates in PBST buffer with 2% bovine serum albumin for 2 h and washed twice with PBST buffer.

Characterization
----------------

The morphology and size of QDNBs were analyzed with a transmission electron microscope (TEM, Hitachi-7650, Japan) at an accelerating voltage of 100 kV. The hydrodynamic diameters and size distribution of QDNBs were determined by a dynamic light scattering (DLS) system (Malvern Zetasizer Nano ZS, UK). Absorption (Ab) spectra were acquired with a UV-vis spectrophotometer (Shimadzu 2450, Japan), and fluorescent spectra were recorded on a fluorescence spectrometer (PerkinElmer LS-55, USA). Fluorescent micrographs were captured with a digital camera (Olympus DP-70, Japan) on a fluorescent microscope (Olympus BX-51, Japan) using WB mirror unit to adjust the excitation wavelength to 470-490 nm and oil immersion objective lens. The relative fluorescent intensity and intensity distribution of single QDNB were analyzed by measuring over 120 individual QDBNs from the fluorescent micrographs using Cell Sensing software (Olympus Japan). Fluorescent intensity polydispersity index (FPDI) of QDNBs was calculated using the equation FPDI = (σ/I)^2^, where I is the average fluorescent intensity of QDNBs, and σ is the standard deviation. Fluorescent images of dots on the PVDF membrane were recorded on a Gel Image System (Biorad ChemiDoc, USA) with 590 nm band filter under 365 nm ultraviolet lamp illuminations. The fluorescent intensity of the dot-blot immunoassay was measured by capturing fluorescent images with a CCD camera and quantified with Image Lab software (Bio-rad, USA) [@B39], [@B40]. Fourier transform infrared (FTIR) spectra of PMSA and QDNBs were respectively recorded on an FTIR spectrometer (Shimadzu 8400, Japan) using KBr pellets.

Results and Discussion
======================

The process of QDNBs-based dot-blot immunoassay for HBsAg is illustrated in Scheme 1 (Figure [A](#FA){ref-type="fig"}). Initially, the antigens were immobilized on a porous PVDF membrane via hydrophobic and electrostatic interactions between the negatively charged proteins and positively charged membrane. This technology is widely used for protein immobilization in protein analysis, such as western blot analysis [@B41], [@B42]. The remaining binding sites of the PVDF membrane were blocked by nonfat dry milk. QDNBs coated with carbonyl groups were prepared by emulsion-evaporation techniques [@B43], [@B44]. The prepared QDNBs were used as molecular probes through covalent immobilization of antibody onto the QDNBs surface under the activation of carbodiimide. Then, the well-blocked membranes were respectively incubated with the QDs and QDNBs bioconjugates. Compared with single QDs particle, enhanced immunoassay sensitivity with QDNBs was achieved since the increased QDs tagging amount per antibody-antigen binding event. The fluorescent dots were clearly visible on the membrane under the UV lamp illumination, and they were captured with a CCD camera. On the basis of the immunoassay with QDs or QDNBs as labels, we conclude that the immobilized proteins were able to capture antibody conjugated-particles because of the antigen-antibody interaction. Thus, the more proteins spotted on the membrane, the greater number of particles that will accumulate on the spot, and the fluorescent intensity of the spots is thus dependent on the concentration of proteins.

Fluorescent nanobeads encapsulated with QDs were prepared by an oil-in-water (o/w) emulsion-evaporation technique, which is commonly used for the preparation of nano-drug delivery systems. Poly(styrene-co-maleic anhydride) (PSMA) was selected as the matrix material for nanobeads because it is initially oil soluble and then can be transferred into a charged hydrophilic surface after nanobeads formation [@B45]. In Scheme 2 (Figure [B](#FB){ref-type="fig"}), the oil-soluble QDs and polymers dissolved in chloroform were used as the dispersed phase, and added into the continuous phase. Subsequently, an o/w miniemulsion was formed with stirring and ultrasonication. At this point, solvent in the obtained minidroplets containing both QDs and polymer equilibrated between aqueous phase and oil phase. Gradual removal of chloroform from the aqueous phase by evaporation was compensated by transferring of chloroform from the minidroplets to the aqueous phase. Finally, the polymer precipitated into the form of nanobeads and entrapped QDs nanoparticles inside polymer nanobeads.

The optical properties of the resultant QDNBs were characterized by UV-vis absorption and fluorescence spectroscopy. As shown in Figure [1](#F1){ref-type="fig"}a, the absorption peak of QDNBs is broader than that of the bare QDs because of the light scattering introduced by the composite particles. However, the first excitonic transition of QDs is still nearly identical. Additionally, the fluorescent spectrum of QDNBs maintains identical to that of the bare QDs, which implies that the QD particles were well isolated from each other inside the nanobeads. The photos of QDNBs solutions under room light and UV illumination (inset in Figure [1](#F1){ref-type="fig"}a) and fluorescent micrograph (Figure [1](#F1){ref-type="fig"}c) showed that the prepared QDNBs were well dispersed in aqueous suspension and they were highly fluorescent under UV illumination. The obtained fluorescent intensity distribution (FPDI = 0.221) of single QDNBs is larger than the size distribution, which is largely attributed to uneven distribution of QDNBs on the focal plane of microscope. TEM images (Figure [1](#F1){ref-type="fig"}b) showed that the morphology of QDNBs was nearly spherical and was fairly monodispersed; this could facilitate their further application as biomolecular beacons. Additionally, the successful encapsulation of QDs into PSMA nanobeads is readily visible in the TEM image of QDNBs, where QDs were evenly dispersed in each nanobead. Well dispersing of QDs inside nanobeads is critical for obtaining highly fluorescent QDNBs. Anhydride groups on the surface of QDNBs are sufficiently active to be hydrolyzed when dispersed in water. From the FTIR spectra of PMSA and QDNBs in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S2, the absorption peak around 1720 cm^-1^ in QDNBs was assigned to stretching vibrations of C=O in carboxyl groups. In contrast, the characteristic stretching vibrations peaks of C=O in cyclic anhydride are around 1857 and 1780 cm^-1^.

The particle size of QDNBs can be controlled through adjustment of the polymer concentration in the oil phase (Table [1](#T1){ref-type="table"}). The average diameter of QDNBs measured from TEM images (Figure [2](#F2){ref-type="fig"}) is in the range of 86.4 to 51.3 nm. In addition to TEM analysis, the hydrodynamic diameter and size distribution of QDNBs aqueous dispersion were also investigated with a DLS system. As shown in Figure [2](#F2){ref-type="fig"}e, the Z-average hydrodynamic diameters of QDNBs determined by DLS were slightly larger than those obtained from TEM images. The polydispersity index (PDI) of prepared QDNBs size distribution measured by DLS was ≤ 0.1, suggesting that the size distribution of QDNBs is narrow. Finally, QDNB2 was chosen for further antibody conjugation because of its relatively narrow size distribution and spherical morphology.

Our probes have the following advantages over previously detection methodologies [@B28]-[@B31]. First, the one-step fabrication is simple and mild with solvent evaporation technique, and in contrast to polymerization methods the process has little influence on the fluorescent properties of QDs [@B46], [@B47]. More importantly, the QDs are well dispersed inside polymer nanobeads. The polymer matrix material not only prevents QDs from self-aggregation, but also protects the fragile optical properties of QDs from environments perturbation. The functional groups provided by the polymer matrix also facilitate the conjugation of biomolecules to the probes. Finally, by the encapsulation of several QDs into one nanobead as a single probe, the reporting signal of each binding event can be directly amplified, without the need for additional signal-enhancing steps.

Anti-HBsAg antibodies were covalently immobilized on carboxyl-capped QDNBs via the EDC/NHS strategy. After conjugation, the obtained bioconjugates were purified by centrifugation and washing steps. Comparison of the UV-vis absorption spectra of bare QDNBs and QDNBs-antibody conjugates, as shown in Figure [3](#F3){ref-type="fig"}a, suggests that the increased absorption intensity around 280 nm is due to the presence of IgG molecules in the conjugates. Further, according to the DLS results (Figure [3](#F3){ref-type="fig"}b), the hydrodynamic size of the composite particles obtained after the conjugation reaction increased by 94 nm in comparison with the bare particles. More importantly, the particle size distribution of conjugated QDNBs remains almost monodispersed and no additional light scattering peaks of particles appeared. This homogeneous increase of particle size also indicates that antibodies were immobilized on the surface of nanobeads, and no unwanted agglomeration of the nanobeads occurred during the conjugation process.

The number of antibodies conjugated per nanoparticle (*N*) was calculated (described in Supporting Information). For conjugation of antibody onto QDs, the feed ratio of IgG to nanoparticles was 4:1. The corresponding conjugation efficiency and yield were determined and the results are listed in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S4. The average number of IgG antibody attached on each QDs was 0.45, consistent with previous report [@B48]. The average numbers of IgG anchored on QDNBs conjugates, with feed ratios of IgG to QDNBs 50:1, 100:1 and 200:1, respectively were 35.8, 38.1, and 59.6. This result reflected the fact that a greater number of IgG molecules can be conjugated on QDNBs nanoparticles, largely due to the bigger size of QDNBs compared with single QDs. Increasing the number of antibodies attached on the surface of nanoparticles may improve the biological affinity of nanoparticles, and potentially improve the detection sensitivity of immunoassay [@B49]. Additionally, the signal of each antigen-antibody binding event can be amplified by the larger size of QDNBs containing several QDs in one particle and more antibodies anchored on QDNBs.

In a comparision with the bare QDs probes, the fluorescent dot-blot immunoassay was first demonstrated using QDs-antibody conjugates as the label. The insert in Figure [4](#F4){ref-type="fig"}a shows that the intensity of the fluorescent spots increased proportionally as the level of HBsAg proteins on the PVDF membrane increase. As the level of HBsAg decreases, the fluorescent intensity of the spot is reduced until no fluorescence can be distinguished from the background membrane fluorescence (i.e., when 1.56ng or less of HBsAg is spotted). Furthermore, the levels of proteins on each spot can be quantified using Image Lab software (Biorad, USA). The fluorescent intensity of each spot was calculated using the same size region of interest, and the background intensity was subtracted from each measurement. The quantification is plotted, in which the relationship between fluorescent intensity and the proteins levels is evident. The analytical sensitivity of assay, calculated from the concentration corresponding to 3 times of the standard deviation (SD) of the background signal [@B50], [@B51], is 1.72 ng.

To improve the detection sensitivity, QDNBs-antibody bioconjugates were employed as a reporter by another dot-blot immunoassay group. The dot images are presented in Figure [4](#F4){ref-type="fig"}b, and are quantifiable even when the level of HBsAg is as little as 0.078 ng. The analytical sensitivity of assay determined from 3×SD of background is 0.133 ng, which is one order lower than the assay in which QDs are used as the label. The detection curve for HBsAg is shown in Figure [4](#F4){ref-type="fig"}b, revealing the dynamic range of the assay ranges from 0.133 to 2.5 ng. The above studies provide experimental evidence that QDNB-conjugates outperform their single QD counterparts in terms of improved detection sensitivity. Theoretically, the amount of nanoparticle label binding is proportional to the amount of antigen immobilized on PVDF membrane. However, due to the steric hindrance of nanoparticles, a lower number of larger nanoparticles are bound to the immobilized antigen when compared to smaller nanoparticles. Thus, the upper detection limit of dot-blot immunoassay when QDNBs are used as labels is lower than that of the QD-based dot-blot immunoassay.

Moreover, control experiments were carried out to analyze the selectivity and specificity of the immunoassay for the detection of bovine serum albumin (BSA) and healthy human serum, as shown from dots 1 to 3 in Figure [5](#F5){ref-type="fig"}. No fluorescence signal was detected when QDNB-antibody probes were incubated with background proteins, indicating almost no nonspecific binding occurred. In order to evaluate the detection ability of QDNBs conjugates in complex biological samples, a dot blot immunoassay was conducted with HBsAg proteins dispersed in 1% healthy human serum. Subsequently, 1 µL of the complex mixture of proteins were immobilized on the PVDF membrane, and then incubated with QDNBs bioconjugates. The fluorescent intensity of spots with HBsAg proteins increased proportionally with the concentration of HBsAg, suggesting that the dot-blot immunoassay can be used to detect relevant samples in a complex protein mixture.

Conclusion
==========

In conclusion, we have developed a simple and sensitive fluorescent detection for proteins by using a dot-blot immunoassay with QD nanobeads as a signal amplification strategy. The uniform nanobeads incorporated with QDs were fabricated by a simple oil-water emulsion-evaporation technique. The new material was successfully developed as a proteins detector by covalent immobilization of antibody on nanobeads. Compared with the detection sensitivity using QD antibody bioconjugates, the detection limit of the immunoassay using QDNBs was greatly improved, and it could detect as little as 0.078 ng of the antigen. Furthermore, the fluorescent immunoassay that we developed can be used to detect proteins in complex biological samples and thus it has the potential for the development of diagnostic reagents.
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![(**Scheme 1).** Schematic illustration of fluorescent detection of HBsAg proteins by dot-blot immunoassay with QDNBsantibody conjugates.](thnov04p0307g001){#FA}

![(**Scheme 2).**Schematic illustration of QDs encapsulation into PSMA nanobeads by miniemulsion and solvent evaporation techniques.](thnov04p0307g002){#FB}

![(a) Normalized absorption and fluorescent spectra of QDs and QDNBs. Inset in (a) shows the aqueous solution of QDNBs under room light (left) and UV light (right). (b) TEM micrographs of QDNBs. (c) The fluorescent intensity distribution and epifluorescent micrographs (inset) of prepared QDNBs.](thnov04p0307g003){#F1}

![Typical TEM images (a-d respectively corresponding to QDNB 1-4) and DLS size plots (d Line red: QDNB1; green: QDNB2, blue: QDNB3; black: QDNB4) of QDNB prepared under different conditions.](thnov04p0307g004){#F2}

![(a)UV-vis absorption spectra of QDNBs (solid line), antibody (dash line), and QDNB-antibody conjugates (dot line). (b) DLS plots of QDNBs (solid line) and after conjugating with antibody (dash line).](thnov04p0307g005){#F3}

![Dot-blot immunoassay for fluorescent detection of HBsAg with (a) QDs and (b) QDNB conjugates for different levels of antigen proteins. The levels of HBsAg proteins potted on membrane (a) and (b) were 2-fold dilutions starting at 50 and 5 ng, respectively. Corresponding fluorescent intensity as a function of the level of HBsAg proteins detected with QDs and QDNBs as labels. The error bars are standard deviations (*n* = 3).](thnov04p0307g006){#F4}

![Dot-blot immunoassay for fluorescent detection of HBsAg in 1% human serum and the control samples. Control experiments were carried out on 1, 2 and 3 dots with 10% serum, 1% serum and 0.1% BSA, respectively. The levels of HBsAg in 1% human serum from 4 to 7 respectively are 0.313, 0.625, 1.25 and 2.5ng.](thnov04p0307g007){#F5}

###### 

Influence of polymer and QD concentration on the properties of QDNBs.

  NO.     \[QDs\] (µM)^a^   \[polymer\] (mg/mL)^a^   TEM diameter (nm)   DLS diameter (nm)   PDI     N~sQDNB~(QDs/Bead)
  ------- ----------------- ------------------------ ------------------- ------------------- ------- --------------------
  QDNB1   8.0               10                       86.4                134.4               0.063   1238.4
  QDNB2   4.0               5                        74.2                118.4               0.096   841.5
  QDNB3   2.0               2.5                      63.6                91.82               0.100   529.9
  QDNB4   1.0               1.25                     51.3                83.41               0.105   278\. 1

^a^Polymer and QDs concentration in the oil phase. The aqueous phase consists of 1% SDS, and oil/water phase volume ratio is 1:6. The amplitude of the sonicator was set at 50%, the sonication cycle was 10 s sonication, 10 s pause, and repeat for 10 times. N~sQDNB~ is the number of QDs in each nanobead.
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